Knowledge of macrophages in steady-state and diseased tissue is rapidly expanding, propelled by improved diagnostic capacity to detect and monitor cells in their native environments. In this review, we discuss implications for ischaemic heart disease and examine innate immune cell pathways that increase systemic leucocyte supply after myocardial infarction (MI). Acute MI alters the macrophage phenotype and supply chain from tissue resident to blood monocytes sourced from haematopoietic organs. That blood leucocytosis closely associates with cardiovascular mortality provides a strong motivation to understand why and how organ ischaemia alters cellular immunity.
Introduction
Historic and contemporary clinical data illustrate that secondary ischaemic event rates are high. Several large studies report that within the first year after an index event, the frequency of death, myocardial infarction (MI), or stroke is around 8-12% even though patients are enrolled in clinical trials in which they are well-monitored and treated according to guidelines. 1 -4 Softer endpoints (i.e. any ischaemia) occur even more frequently and may reach a rate of one in every two patients. 5 -7 These unacceptably high secondary event rates document (i) that ischaemic heart disease complications are frequent after a first MI and (ii) the need to improve secondary prevention in MI patients. Preclinical data 8 suggest that acute MI may change the disease trajectory of atherosclerosis and accelerate plaque development by expanding the systemic leucocyte pool ( Figure 1 ). In addition, clinical data suggest that the innate immune system is more active in patients with recurrent events. 9 Yet inflammatory pathways are not among clinically established therapeutic targets. The growing knowledge of inflammation's role in ischaemic heart disease contrasts with the absence of drugs that specifically aim at the immune system to reduce secondary event rates, possibly due to disappointing results in earlier clinical studies that targeted inflammatory cytokines. 10 We believe, however, that recent basic science progress provides new opportunities: now is not the time to be discouraged. In our review, we discuss data indicating the emerging role of-and future therapeutic opportunities associated with-myeloid cells in patients with atherosclerosis and organ ischaemia.
Resident immune cells in the steady-state cardiovascular system
The advent of highly sensitive assays, which rely on antibody detection of cell surface markers by flow cytometry and macrophagespecific expression of fluorescent proteins, in conjunction with three-dimensional microscopy techniques that detect delicate cellular structures, has recently demonstrated the presence of a sizable leucocyte population in the steady-state heart 11 -13 and arteries. 14, 15 Tissue-resident macrophages and dendritic cells are the most numerous leucocytes therein. The steady-state heart also contains a dense network of macrophages that nestle between myocytes and are distinct from other stromal cells such as fibroblasts. 11 -13 Macrophage frequency was estimated by flow cytometry to be 500 cells per milligram in murine myocardium, a number that fluctuates depending on the retrieval protocol. Immuno-staining clinical myocardial samples documented cardiac macrophages in humans. 12 Further, CD11c fluorescent reporter systems documented the presence of myeloid cells, thought to be dendritic cells, in cardiac valves and in the murine aorta. 15 Because certain tissue-resident macrophages, for instance in the lung (www.immgen.org), also express CD11c at high levels, there is debate as to whether these vascular residents are dendritic cells or macrophages. Perhaps this distinction will be informed by specific cellular tasks; however, macrophages and dendritic cells have many overlapping functions. Viewed together with the rapidly evolving knowledge on tissue-resident macrophages in other organs, 16 ,17 the cells' abundant presence in cardiovascular organs is not surprising. Despite increased data on cellular abundance and phenotype, 18, 19 cardiac and vascular macrophages' precise tissue-specific functions are mostly unknown. First insights suggest that cardiac macrophages, as in other tissues, ingest dying stromal cells and pathogens. 12, 13 In other tissues, resident macrophages pursue highly specific tasks such as regulating temperature, modulating glucose metabolism, and forming progenitor niches, 20 and macrophages that are components of cardiovascular organs likely have similarly specific functions. For most organs, the origin of steady-state tissue-resident macrophages has been determined. Resident macrophages in the brain, lung, spleen, peritoneum, bone marrow, liver, kidney, and pancreas do not derive from circulating monocytes but rather derive from local cells that took up residence in these organs early in life. These macrophages derive from embryonic cells that originated in the yolk sac and/or foetal liver. 17, 21 Long-term parabiosis leads to shared circulation between two mice and thus enables us to discern monocyte-from non-monocyte-derived tissue macrophages. Parabiosis fate mapping experiments revealed that microglia, the resident macrophages in the brain, hardly rely on blood monocyte recruitment at all. 22 On the opposite side of the spectrum, intestinal macrophages seem to derive mostly from blood monocytes. 16 The current lack of fate mapping data for macrophages residing in the healthy arterial wall will no doubt be addressed in future studies. However, three publications do provide data on cardiac resident macrophages: two of the studies describe cardiac resident macrophages as largely independent of circulating monocytes in the steady state, 12, 13 while one manuscript comes to the opposite conclusion, stating that, with increasing mouse age, cardiac macrophages are replaced by monocyte-derived cells. 23 Future work will address this controversy and possibly reconcile the conflicting findings.
Role of immune cells in events leading to first organ ischaemia
Macrophages residing in atherosclerotic plaque derive overwhelmingly from circulating monocytes produced in the bone marrow and the spleen, 24 though local proliferation of monocyte-derived macrophages contributes dominantly to the overall number in mature murine lesions. 25 Recent fate mapping data suggest that a minority of 'macrophage-like cells' that express certain macrophage markers may derive from smooth muscle cells. In humans, an estimated 18% of plaque macrophages originate from smooth muscle cells. 26 The functional roles of smooth muscle cell-derived macrophages remain unresolved. Monocytes are recruited to the arterial wall via chemokine/chemokine receptor interaction (e.g. CCR2, CCR5, CX3CR1) and cellular adhesion molecules expressed by activated endothelial cells. Once in tissue, monocytes differentiate to macrophages, which then proliferate locally to give rise to more macrophages. Thus, monocyte recruitment is amplified by local macrophage proliferation. The signals that regulate macrophage proliferation in plaque are currently not well understood, but deletion of the scavenger receptor A reduced plaque macrophage proliferation. 25 Monocyte and macrophage activity is often seen as detrimental to vascular health because the cells perpetuate inflammation and destabilize extracellular matrix and the endothelial layer. If vascular wall integrity is compromised, pro-thrombotic plaque components activate the clotting system through direct contact. Dying myeloid and foam cells contribute to vulnerable plaques' necrotic cores, which, together with plaque erosion, are sources of thrombotic events that lead to downstream organ ischaemia. Hyperlipidaemia, a particularly welldocumented risk factor for MI, drives blood monocytosis 27 and monocyte production in haematopoietic organs (other risk factors are discussed below). Compromised reverse cholesterol transport intensifies proliferation of the haematopoietic progenitor pool in the bone marrow. 28 Additionally, more progenitors take up residence in the spleen and, instigated by signals such as IL-3 and GM-CSF, produce monocytes that migrate to growing atherosclerotic plaques.
24 Figure 1 Processes leading to secondary ischaemia. Several risk factors, especially hyperlipidaemia, increase production of leucocytes which give rise to a first ischaemic event. This ischaemic event itself accelerates haematopoiesis, for instance via increased sympathetic nervous system activity, leading to a second within a short time span after the first.
Innate immune cells in ischaemic heart disease
Immune cell numbers, phenotype, and function during myocardial ischaemia
Ischaemia profoundly changes the immune cell landscape in the heart. Within hours after onset, ischaemia causes rapid death of tissue-resident macrophages. 12 At the same time, several hundred thousand myeloid cells are recruited from the blood pool each day. 29 Recruitment of neutrophils and inflammatory monocytes dominates the early phase after MI. As inflammation begins to resolve on Day 4, the infarct macrophage phenotype changes to support healing. Non-inflammatory monocytes are also recruited, albeit at lower numbers. 30, 31 Why resident cardiac macrophages die only to be replaced by monocyte-derived macrophages recruited from blood is currently unclear, but this switch in macrophage sources occurs in concert with a profound transition in phenotype and a robust increase in macrophage numbers. The newly recruited cells have wound healing functions, including proteolysis and phagocytosis during Days 1 -3 and angiogenesis and fibrosis thereafter, that resemble injury response programmes in other tissues. 31 For in-depth information on the role of macrophages and other immune cells during infarct healing, we refer the interested reader to recent reviews.
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The bone marrow as a source of cells
Traditionally, the bone marrow has not received attention from cardiologists and cardiovascular scientists. First interesting clinical post-MI observations include, for instance, haematopoietic progenitor cell release into the blood 34 and increased bone marrow glucose uptake using 18 F-FDG PET imaging signal as a surrogate. 35 More recently, the haematopoietic organs have received attention as sources of leucocytes that fuel inflammation in arterial plaques and ischaemic myocardium. 36 This interest is based on: (i) leucocytes' short lifespans, (ii) myeloid cells' relatively fast turnover in inflammatory foci, and (iii) the close and robust clinical association of blood myeloid numbers with cardiovascular events, post-MI heart failure, and death. 37 -40 Conceptually, haematopoietic tissues can be divided into (i) haematopoietic stem and progenitor cells (HSPCs) that give rise to blood leucocytes and (ii) a supporting cast of non-haematopoietic niche cells that protect HSPC and regulate their activity, especially progenitor cell proliferation, differentiation, and migration. Haematopoietic stem and progenitor cells and niche cells have been scrutinized in mice and patients with haematological disorders and infection (see relevant reviews, refs 41 -43), but their role in ischaemic heart disease has only recently began to emerge. Cells that influence HSPC, with secreted factors or information transfer via ligands expressed on the cell surface, include endothelial cells, mesenchymal cells, osteoblasts, macrophages, and lymphocytes ( Figure 2) . Adhesion molecules such as selectins and VCAM-1 retain VLA-4 expressing HSPC in specific environments, and secreted factors such as M-CSF, GM-CSF, SCF, SDF-1, notch ligands, and angiopoietin regulate proliferation and differentiation into different blood cell lineages. 41 -43 Soluble factors that travel with blood, including pathogen-and damage-associated molecular patterns (PAMPs and DAMPs) that can act as ligands on toll-like receptors expressed by HSPC, likewise contribute to the acceleration of haematopoiesis in response to external stimuli such as infection. For instance, lipopolysaccharide, a component of the bacterial cell wall considered as a PAMP, binds to toll-like receptor-4 and increases HSPC proliferation. 44 It is conceivable that DAMPs derived from injured cardiovascular organs likewise activate innate immune cell production. Haematopoietic stem cells (HSC) are rare ( 1 in 10 000 bone marrow cells); mostly quiescent (,5% of these HSC cycle in the steady state); multipotent (they give rise to all blood cells), and longlived (murine HSC can survive their hosts if transplanted into recipient mice). The most specific assays to identify and enumerate these cells are functional and rely on HSC transplantation. One successfully transplanted HSC can rescue a lethally irradiated mouse that would otherwise die of bleeding, anaemia, and leucopenia. To put it differently, if this single transferred cell is not an HSC, the mouse will not survive. Hence, either survival or the presence of blood cells in the recipient mouse determines the properties of the transferred cell. With less precision but more practicality, HSC can also be identified by their cell surface markers. Flow cytometry identifies HSC with up to 50% specificity as lineage 2 c-kit
2 . These so-called SLAM HSC 45 respond to coronary ligation with increased proliferative activity in 48 h. 46 Within the SLAM HSC population, most increased proliferation is observed in cells that express the chemokine receptor CCR2. 46 Transcriptome analyses revealed that CCR2 + HSPC's emergence depends on the cotranscription factor Mtg16. 46 CCR2 + HSC are hierarchically below long-term CCR2 2 HSC, they are myeloid biased and represent the migratory population that can be found outside the marrow. 46 These cells differentiate to an expanding pool of more immediate monocyte precursors (MDP, CMoP) and finally differentiate into monocytes 47 that rely on chemokine signals such as CCL2 48 and CCL7 49 for release into blood. The precise signalling that leads to expanded myelopoiesis after MI and, perhaps more importantly, the signals that taper the proliferative bone marrow response during resolution of infarct inflammation are incompletely understood. It is clear, however, that cell intrinsic factors, including transcription factors such as Mtg16 and PU.1, play a dominant role in activating HSC proliferation and steering production towards the myeloid cell lineage. 46 Future research will reveal if MI also changes the epigenetic properties of HSPC for longer periods and whether this change increases inflammatory leucocyte supply and accelerates ischaemic heart disease. A second major contribution to post-MI changes in bone marrow cell production stems from haematopoietic niche factors and supporting niche cells (Figure 2) . We found that the bone marrow microenvironment changes substantially after MI. In general terms, factors that keep HSC quiescent in the bone marrow niche are down-regulated after ischaemic organ injury. One prominent retention factor, CXCL12 (also known as SDF-1), which is provided by mesenchymal cells, decreases significantly, 8 leading to higher proliferation and decreased bone marrow retention of HSPC. This CXCL12 reduction is triggered by the post-MI increase in sympathetic nervous signalling in the bone marrow via the b 3 adrenergic receptor expressed by niche cells. 8 Increased noradrenaline levels may act directly on HSPC, which express b 2 adrenergic receptors, but the contribution of b 2 adrenergic receptor signalling remains to be tested in the setting of MI.
Extramedullary sites as sources of myeloid cells
In addition to the bone marrow and the marginal cell pool, the spleen is a source for inflammatory leucocytes. Within the first day after coronary ligation in mice and rats, the spleen releases several hundred thousand monocytes from its subcapsular red pulp into circulation. 50 We determined that the spleen contributes about half of the myeloid cells that migrate to ischaemic myocardium within the first day. Splenic monocyte release is triggered by angiotensin-2 signalling through receptors expressed by splenic monocytes. 50, 51 The cell release is so massive that, in mice, spleen size and weight are considerably reduced shortly after coronary ligation. Whether a post-MI decrease in spleen size occurs in human patients is currently not known. Several days after myocardial ischaemia, the spleen becomes a site of extramedullary haematopoiesis in mice. 29 Triggered by sympathetic nervous system activity, the bone marrow releases increased numbers of HSPC, and this phenomenon has been observed in mice and humans after MI. 8, 34 This HSPC migration leads to a wave of haematopoietic progenitor seeding in the spleen (Figure 2) . For instance, the number of splenic MDPs increases 24-fold in mice after MI. 29 Likely, the increased HSPC supply collaborates with a more receptive splenic niche environment. Splenic CD169 + macrophages retain HSPC via VCAM-1/VLA-4 interaction. 52 In addition, soluble factors such as IL-1b contribute to increased monocyte production after MI. 29 As a consequence, bone marrow and splenic leucocyte production lead to monocytosis, and even though millions of these cells are recruited to the ischaemic heart, in ApoE -/-mice the newly-produced myeloid cells are recruited to atherosclerotic lesions, where they contribute to plaque growth and inflammation. 
Co-morbidities and lifestyle kindle inflammation
We have already discussed pathways involved in chronic atherosclerosis acceleration after organ ischaemia, yet similar interactions between atherosclerosis progression and other comorbidities also contribute to activation of innate immunity. Psychosocial stress, obesity, and diabetes increase the odds ratio for MI 53 and have a strong inflammatory component even though pro-inflammatory Innate immune cells in ischaemic heart disease effects may not be their most dominant feature. Psychosocial stress leads to increased production, release, and activation of inflammatory leucocytes (reviewed in ref. 54 ). In particular, stress-related sympathetic signalling increases HSPC proliferation in murine bone marrow via pathways similar to those observed after MI. 55 Obviously MI is a highly stressful event. In humans, stress increases leucocyte levels and renders their phenotypes more inflammatory. 56 Adipose tissue macrophages influence haematopoiesis via IL-1b, 57 and hyperglycaemia in mice with diabetes can accelerate the myelopoietic output via interaction of neutrophil-derived S100A8/9 with RAGE on HSPC. 58 Thus, acute MI and other comorbidities or lifestyle factors converge on a pathway of increased myelopoiesis that elevates production of neutrophils and monocytes, which then migrate to atherosclerotic lesions to pursue plaque-destabilizing roles.
Translational observations
Clinical evidence for translating the above experimental findings is not easy to obtain because human haematopoietic organs are difficult to sample in vivo. Assessing blood and using imaging may help bridge the preclinical and clinical spaces. Clinical studies 34, 35 showed that acute MI leads to an increased number of HSPC circulating in blood, and these results parallel the description of post-MI HSPC release due to reduced retention factors on Day 4 after coronary ligation in mice. 8 Several clinical imaging studies reported post-MI activation of haematopoietic tissues and increased 18 F-FDG-uptake in non-culprit lesions. 59 -61 In one retrospective analysis, 18 F-FDG uptake in the spleen and bone marrow correlated positively with the cardiovascular event rate following imaging. 60 Further, accelerated coronary plaque growth after first MI was documented with coronary imaging in humans. 62 These studies were mostly small, and the surrogate imaging parameters were not specific to the immune pathways elaborated in mice. Thus, more specific, larger, and prospective studies should interrogate the importance and translatability of these preclinical pathways in humans with ischaemic heart disease.
Opportunities and hurdles for drug development
In this review, we summarize emerging data on innate immune pathways that accelerate ischaemic heart disease after a first ischaemic event. The clinical data supporting post-MI leucocytosis have been reproduced many times over, and the leucocytosis' association with cardiovascular mortality is strong. Despite mounting preclinical evidence on the pathways that alert haematopoiesis after MI, many still await translational verification in human patients. An additional challenge for developing therapeutics lies in the nature of the innate immune response, which is not specific to ischaemic injury and protects patients against infections and, to some degree, is likely necessary to enabling cardiac repair and avoiding post-MI heart failure. Data on monocyte or macrophage depletion show that post-MI recovery is worse if inflammatory myeloid cells are either over-or undersupplied, making a measured approach necessary. Perhaps we can identify pathways that lead to overproduction of inflammatory monocytes and target those exuberant responses without sacrificing steady-state haematopoiesis. For example, inhibiting post-MI traffic of HSPC from the bone marrow to the spleen 8 would reduce splenic but not bone marrow leucocyte production. This could be achieved by neutralizing HSPC's capacity to be released from the marrow, migrate in blood, seed, and/or proliferate in the spleen. Suitable neutralization avenues include antibodies for adhesion molecules and chemokines, small molecule inhibitors for chemokine receptors and RNA interference to silencing targets inside myeloid cells and their progenitors, including chemokine receptors and transcription factors.
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